, and C° are calculated to high temperatures for gaseous sulfur (monatomic and diatomic), sulfur monoxide, sulfur dioxide, sulfur trioxide, and hydrogen sulfide from molecular and spectroscopic data. Values of the heats of formation of the various atomic and molecular species are selected from published experimental data, and certain industrially important equilibria are calculated.
Introduction
The calculation of the thermodynamic properties of a number of simple gaseous sulfur-containing molecules has been carried out as a part of the Bureau's program on the compilation of tables of Selected Values of Chemical Thermodynamic Properties. The data on a large number of inorganic sulfur compounds had been critically evaluated by K. K. Kelley in 1936 [I] . 1 Since that date, sufficient new information has been reported in the literature to warrant a reevaluation and recalculation of the properties of gaseous monatomic and diatomic sulfur, sulfur monoxide, sulfur dioxide, sulfur trioxide, and hydrogen sulfide. 
Units
The calorie used in these calculations is the thermochemical calorie, defined as 4.1840 abs j. The gas constant R is taken as 1.98719 cal/mole °K. The atomic weights used are H, 1.0080; O, 16.0000; S, 32.066 [2] . The standard states chosen for the elements are O 2 (g), H 2 (g), both in the ideal gas state at 1-atm pressure, and S (c, rhombic). As is customary, nuclear spin and isotopic mixing contributions to the entropy and free-energy functions have been omitted.
Calculation of the Thermodynamic Functions
The translational contributions to the free-energy function, . (F°-Hl)/T; the heat-content function, (H o -H°0)/T; entropy, S°; and heat capacity, C°9, were calculated for all the molecules, using the equations given by Wagman et al. [3] . 1 Figures in brackets indicate the literature references given at the end of this paper. 2 The higher polymeric forms of sulfur, S4, Se, and Ss, are not included in this report. The necessary molecular data on S4 and Se are not .available; indeed the existence of S4, which has been assumed in the interpretation of the most recent gas density measurements [53] , is still unproved. Dr. George Guthrie of the U. S. Bureau of Mines, Bartlesville, Okla., has recently completed calculations of the thermodynamic functions of gaseous Sg [54] .
For monatomic sulfur gas the only other contribution is from the electronic excitation. The electronic functions were calculated by direct summation of the energy levels, using term values and multiplicities (table 1) from Moore [4] and the conversion factor 1 cm~1=2.85851 cal/mole. Only the five lowest levels are significant below 5,000°K. For diatomic sulfur gas the rotational and vibrational constants selected by Herzberg [5] for the isotopic SI 2 molecule were corrected to the naturally occurring isotopic mixture, using the relations given by Herzberg [6] :
where co e is the fundamental equilibrium vibrational frequency, x e the anharmonicity constant, and p the reduced mass. These corrected values, co e =724.62 cm"
1 and x e co e =2.844 cm" 1 , were used to calculate approximate thermodynamic functions, assuming a rigid rotator of symmetry number 2 and an independent harmonic oscillator of frequency co e -2x e co e . In the rigid rotator calculation the equations given by Wagman et al. [3] were used. The harmonic oscillator calculations were carried out, using the tables of the Planck-Einstein functions calculated by Johnston, Savedoff, and Belzer [7] . The triplet electronic ground state required the addition of R In 3 to the entropy and -R In 3 to the free-energy function.
Corrections for rotational stretching, vibrational anharmonicity, and rotational-vibrational interaction were calculated by using the second-order expansions given by Mayer and Mayer, [8] at 300, 500, 1,000, 1,500, and 2,000°K; values at intermediate temperatures were obtained by graphical interpolation. At l,500°K these corrections amounted to -0.03 cal/mole °K for the free-energy function, 0.04 for the heat-content function, and 0.09 for the heat capacity.
For sulfur monoxide gas the rotational and vibrational constants taken from Herzberg [5] were corrected for isotopic composition to give the constants co e =1123.O9 cm" 1 and ^co e = 6.109 cm" 1 , which were used in the rigid rotator-harmonic oscillator calculation. The triplet ground state required the addition of R In 3 to the entropy and -R In 3 to the free-energy function. Anharmonicity and stretching corrections were evaluated as for diatomic sulfur gas. At 1,500° K these corrections were -0.02, 0.02, and 0.05 cal/mole °K for the free-energy function, heat-content function, and heat capacity, respectively.
For sulfur dioxide gas, the product of the moments of inertia was taken as the average of the microwave measurements of Dailey , and the vibrational frequencies given by Herzberg [12] were used in a rigid rotator-harmonic oscillator calculation. As the available data do not permit the calculation of the anharmonicities, these were estimated from the relation, based on the data for sulfur monoxide, X^=0.003 (vi + Vj), where X tj is the anharmonicity arising from the interaction of the two fundamental frequencies _vi and Vj [13] . These were used to correct the rigid rotator-harmonic oscillator calculation by the method developed by Stockmayer, Kavanagh, and Mickley [13] [14] obtained from the low-temperature calorimetric data of Giauque and Stephenson [15] .
In the case of sulfur trioxide gas, the recent calculations of Stockmayer, Kavanagh, and Mickley [13] were checked and converted to the values of the fundamental constants used in this paper.
For hydrogen sulfide gas, the rigid rotator-harmonic oscillator calculations and corrections, made in the same way as for sulfur dioxide, were based upon the recent complete vibrational analysis of Allen, Cross, and King [16] , which gives the anharmonicity terms. Moments of inertia were taken from the work of Allen, Cross, and Wilson [17] , Grady, Cross, and King [18] , and Hainer and King [19] . A stretching correction, insignificant in the case of the other polyatomic molecules, was applied by using the method of Wilson [20] . The corrections to the rigid rotator-harmonic oscillator at 1,500 °K were -0.06, 0.08, and 0.22 cal/mole °K for the free-energy function, heat-content function, and heat capacity.
The calculated value of the entropy at 298. 16 
Selection of the "Best" Values for the Heats of Formation
The heat of formation, of sulfur dioxide gas is based upon the combustion measurements of Eckman and Rossini [24] , who burned excess sulfur in oxygen under conditions precluding the formation of sulfur trioxide. Their data, when corrected for the atomic weight of sulfur, give for the selected value: [29] , who obtained heats of combustion at various high oxygen pressures, give Afl^s ie= -70.5 ±0.8 kcal/mole.
The value for the heat of formation of hydrogen sulfide gas is based upon: (a) the heat of combustion of hydrogen sulfide gas obtained by Zeumer and Roth [30] and by Thomsen [26] , together with the value for the heat of formation of SO 2 (g) selected above and that for water given by Rossini et al. [25] ; (b) the heat of reaction of H 2 S (g) with a solution of iodine in aqueous hydriodic acid [26] , combined with the appropriate values of the heats of formation given in Rossini et al.; and (c), the heat of reaction derived from the equilibrium measurements of Pollitzer [31] on the reaction of H 2 S (g) with crystalline iodine to give hydrogen iodide gas and rhombic sulfur, together with the heat of formation of HI For sulfur trioxide several sets of high-temperature measurements of the equilibrium between sulfur dioxide, sulfur trioxide, arid oxygen are available. These were combined with the appropriate freeenergy functions [32] and the heat of formation of sulfur dioxide to calculate the values of AH% for the reaction 2SO 2 (g)+O 2 (g)=2SO 3 (g) and fw ie for sulfur trioxide gas given in table 4. A value of -94.35 ±0.12 kcal/mole for the heat of formation of sulfur trioxide gas was obtained from calorimetric measurements of Roth and coworkers [41] [42] [43] through a series of reactions involving the heat of solution of liquid sulfur trioxide in water [42] , the heat of solution of gaseous sulfur dioxide in aqueous hydrogen peroxide [41] , the heat of decomposition of hydrogen peroxide [41] , the heat of dilution of sulfuric acid [25, 42] , and the heat of vaporization of sulfur trioxide [25] .
As the best value a weighted average was taken to give
Because of the complex polymerization in sulfur vapor below l,000°K [1, 53] , the best value for the heat of formation of diatomic sulfur gas is obtained from measurements of dissociation of hydrogen sulfide at high temperatures, where sulfur exists primarily as S 2 . Three series of such measurements are available [44, 45, 46] . All were carried out by determining the pressure of the hydrogen formed by the dissociation of hydrogen sulfide, using a platinum membrane. In addition, Premier and Schupp [45] measured the increase in total pressure of a small sample of H 2 S when heated in a sealed bulb; these results give a AHl differing less than 0.02 kcal from the over-all average. Combination of the equilibrium constants calculated from these measurements with the appropriate free-energy functions [32] gives the values for the heat of dissociation 
98.i6=30.84± 0.15 kcal.
The best value for the heat of formation of monatomic sulfur gas .appears to be that derived from spectroscopic studies. From a study of predissociation, Olsson [47] selected a value of 3.6 electron volts (ev) as an upper limit for the dissociation energy of diatomic sulfur gas into normal 3 P sulfur atoms. 4 Considering all such data and by comparison with molecules of similar structure Goldfinger, Juenehomme and Kosen [48] selected 4.41 ev for the dissociation into one normal 3 P atom and one excited *D atom. Herzberg [5] favored a value of 3.6 ev or lower for the dissociation into normal atoms, and Gaydon [49] , after summarizing the evidence, assumed that the value of 4.41 ev from predissociation measurements corresponds to the true dissociation energy. If the value 4.41 ev is selected as dissociation into one normal atom and one excited *D atom, as favored by Herzberg, then the dissociation energy is S 2 (g)=2S( 3 P) (g) AH°0 = 75.3 ±0.5 kcal. 5 Partial confirmation of this lower value is furnished by high-temperature gas-density measurements. Nernst [50] , using the Victor-Meyer method at 1,900 to 2,300 °K, obtained 71 ±8 kcal for AH°0; von Wartenberg [51] in the same way obtained 75 ± 10 kcal. Using the spectroscopic value of AH°0 and the value for diatomic sulfur gas, S(c, rhombic) =S (g) A# 2°98 . 16 = 53.54 ±0.50 kcal.
Additional confirmation is afforded by measurements of Bjerrum [52] on the heat of dissociation of hydrogen sulfide gas at 2,900 to 3,200 °K. For the dissociation to monatomic sulfur and diatomic hydrogen gases he found AH°0 = 51 ±15 kcal, which leads to a value of AHf2 98 .i6 for S (g) of 56 ±15 kcal.
The spectroscopic data on sulfur monoxide gas do not lead to a definite value for the dissociation of the molecule because of the uncertainty in the energy states of the dissociation products. Herzberg [5] favors dissociation into S( 1 D)+O( 3 P), which leads to a dissociation energy of 4.001 ev. Gaydon [49] assumes dissociation to S( 1 P)+O( 1 P), with a dissociation energy greater by the difference S( , appears unlikely because of the greater energy differences in- 4 1 ev/molecule=23080.5 cal/mole. 5 Since this report was written measurements of the heat of formation of HS (g) by Franklin and Lumpkin [55] and of the dissociation energy Do for HS by Porter [56] indicate that the higher value of 4.41 ev for Do of S2 is probably the correct value. If this value is accepted, the values of AHf° and AFf° for S (g) will be increased by 13.2 kcal. with corresponding changes in logio Kf.
volved.) The lower value was selected because the dissociation is apparently of the same type as that of S 2 and O2. Combining this value with the values for gaseous atomic sulfur and oxygen' [25] , the heat of formation of sulfur monoxide is calculated S(c, rhombic) + l/2O 2 (g) = SO(g) Ai? 2°98 . 16 =19.30 ±0.50 kcal. 6 In order to extend the useful range of the data on the reactions of formation, the values of AHf° selected above were converted to values based on S 2 (g) as the standard reference state for sulfur. The values of the heat of formation, AHJ°; free energy of formation, AFf°; and logarithm of the equilibrium constant of formation, logi 0 Kf, were then calculated at temperatures up to 1,500° K by the relations
The values calculated in this manner, as well as the thermodynamic functions for the six gaseous molecules considered, are given in tables 6 to 12.
As examples of the applications of these tables, three industrially important reactions were considered. Figure 1 shows the equilibrium composition obtained when gaseous hydrogen sulfide decomposes The vertical width of a band represents the mole fraction of the component present. 6 As indicated in footnote 5, the best value of Do (S2) appears to be 4.41 ev. By reasoning as above, the higher value of 5.146 ev appears more likely for D& of SO. If this value is accepted, as well as 4.41 ev for Do of S2, the values of A Hf°a nd AFf° for SO (g) will become more negative by 13.2 kcal, with corresponding changes in log 10 Kf.
under a total pressure of 1 atm. The ordinate gives the mole fraction of each component; the abscissa the absolute temperature. The equilibrium composition was obtained by first calculating the equilibrium constant for the reaction H 2 S(g)=H 2 (g) + l/2S 2 (g) at various temperatures, using the relation -4.57567 log 10 K=AF°T/T and the values of the free energies of formation given in the present paper and in Rossini et al. [32] . The values of K were then used to obtain the equilibrium composition in the usual way. The side reactions
were also considered. After the values for H 2 and S 2 were obtained, they were used to calculate the concentrations of the other possible products; in no case were the side reactions significant. Figure 2 shows the equilibrium composition obtained in the gaseous decomposition of sulfur trioxide at a total pressure of 1 atm. considered were Possible side reactions
all were unimportant. Figure 3 shows the' equilibrium composition of the vapor obtained from mixing two molecular volumes of hydrogen sulfide and one of sulfur dioxide at a total final pressure of 1 atm. At temperatures below about 500° K liquid sulfur separates [1] with a corresponding increase in the concentration of the water vapor. Side reactions considered, in addition to those listed above, were
Of these, only the sulfur polymerization was significant; for this, the results of Braune, Peter, and Noveling [53] were used, although their data are not completely satisfactory. These results indicate that recovery of sulfur from hydrogen sulfide gas by partial oxidation should be feasible. Heat, free energy, and equilibrium constant of formation, free-energy function, heat-content function, entropy, heat content (or enthalpy) , an$ heat capacity for S (g)
Reference states for elements, used for calculating AH/ 0 , AF/°, and log Kf: S2 (g). 
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